INTRODUCTION
The continued global growth in air traffic has prompted concerns that current methods of air traffic management (ATM) will be unable to safely manage future traffic levels, especially in heavily congested airspace. This concern has manifested itself in the emergence of major efforts to define and develop advanced air traffic management methods and supporting infrastructure within the last several years. In the United States, the Joint Planning and Development Office (JPDO) is defining the Next Generation Air Transportations System (NextGen) [1] . A parallel European effort, the Single European Sky ATM Research Program (SESAR), has the objectives to eliminate the fragmented approach to ATM, transform the European ATM system, synchronize plans and actions of the different partners and federate resources [2] .
Although these two programs, along with other efforts, are intended to include coordination and collaboration, past experience has demonstrated a tendency toward regional technical solutions which meet specific technical and political constraints but penalize global aviation by requiring multiple sets of avionics on aircraft operating in multiple regions, differing procedures and regulations, and other aspects resulting in higher costs and potential safety problems. In the area of air-to-ground communications, a critical infrastructure for air traffic management, the International Civil Aviation Organization (ICAO) Air Navigation Commission (ANC) meeting 11 (August 2003) , recognized the need to identify a future air-ground communications system for air traffic management (ATM) communications on which different regions of the world could eventually converge, and requested members to collaborate on a solution.
To address this request, the US Federal Aviation Administration (FAA) and Eurocontrol initiated a joint activity called the Future Communications Study (FCS) to develop solutions to the need identified by the ANC. The FCS exists under the auspices of the FAA and Eurocontrol cooperative research and development program Action Plan 17 (AP17-04), developed to provide a joint framework to define a future Global Aeronautical Communications System to support ATM operations. The FAA requested the National Aeronautics and Space Administration (NASA) Glenn Research Center (GRC) to conduct the FCS technology assessment and sign the AP17-04 as a collaborator on the cooperative research and development agreement. The FCS includes operational concepts and communications requirements development, analysis of business and institutional elements, and identification and assessment of communications technology alternatives.
The FCS technology identification and assessment consisted of three phases with some additional follow-on work, all of which has been completed. The first phase identified all relevant communications technologies that could be applied to the aeronautical safety communications requirements and screened those technologies against a set of evaluation criteria to determine the best candidates. The second phase performed detailed technical evaluations of a subset of those candidates to determine their potential performance under the expected conditions and operational scenarios envisioned under the FCS. The third phase focused on indepth studies of particularly important technical details of the top-ranked technologies.
This paper provides background on the FCS and presents an overview of the Phase I and II results. The primary focus of this paper is on the results of Phase III, which The technology assessment process as conducted jointly by the US and Europe under AP-17 is depicted in Figure 1 . The development of initial evaluation criteria, identification of candidate technologies and FCS Technology Assessment Phase 1 technology pre-screening were close collaborations between the US and Europe, and produced a reduced set of candidate technologies. What was referred to as Phase 2 of the technology assessment in the US was conducted independently of a parallel effort, referred to as Step 2, conducted by Europe.
The US effort (Phase 2) and European effort (Step 1) both examined the reduced set of candidate technologies and down-selected a set of "Most Promising Candidates" and a "Technology Shortlist", respectively, which were very similar. Phase II of the technology assessment process consisted of a detailed evaluation of selected technologies that scored well in the technology prescreening phase [5] . Key areas of concern were studied in detail for four of the technologies recommended in Phase I -P34/TIA-902, LDL, IEEE 802.16e, and satellite communications systems.
For LDL and P34/TIA-902, the evaluation activities included definition of a channel model that could be used for common characterization of waveform performance in an air-ground channel; definition of a framework for specifying the infrastructure costs associated with an LBand system; and analysis of P34/TIA-902 and LDL performance with a common channel model and the potential to interfere with incumbent users of the band. The focus of the satellite analysis was system availability, and the focus of the 802.16e analysis was its performance in an airport environment at C-Band. For LDL, the effects of the air-ground L-band channel are such that equalization will be required to achieve good performance.
FCS PHASE III IN-DEPTH STUDIES
Interference analysis considered potential interference with other systems operating in the 960-1024 MHz band, such as Distance Measuring Equipment (DME), Mode-S, and Universal Access Transceiver (UAT). Achievable carrierto-interference ratios to avoid interference with the Mode-S and UAT systems were derived for P34/TIA-902 and LDL. Results for DME were inconclusive due to incomplete receiver design specifications, so additional work is required. Interference with on-board Global Positioning System (GPS) and Wide Area Augmentation System (WAAS) equipment was not analyzed in this study.
The development of a first order costs model for an aeronautical communications infrastructure at L-Band concluded that a business case for the ground infrastructure for an L-band system providing air-ground aeronautical communications can potentially be closed within 4 years, assuming annual revenues of $42M obtained for services provided based on an initial investment of approximately $135M and annual operations and maintenance costs of approximately $4M.
Satellite communications system analysis in Phase 11 considered such existing systems as Inmarsat SwiftBroadband (SBB) service, based on the recently deployed Inmarsat 4 spacecraft, and the Iridium constellation system, as these systems can operate in the designated aeronautical communications safety spectrum as required for aviation safety communications associated with ATM. The performance requirements specified in the COCR include data capacity; latency; quality of service; number of users; security and availability. The key factors limiting availability are satellite equipment failures and link events, capacity overload, and interference. This assessment concluded that Inmarsat SBB and perhaps Iridium may provide sufficient availability performance to meet a subset of COCR service availability performance requirements in limited applications, in particular in oceanic, remote and polar (Iridium only) domains. However, these systems will not provide sufficient availability to provision most if not all of the COCR services defined for Phase 21 operations.
The analysis of the IEEE 802.16e technology considered its performance in an airport surface environment in the 5091 to 5150 MHz band. Channel models for the airport surface developed by Ohio University under investigations granted by NASA, based on airport surface measurements at CBand, were incorporated into the waveform simulation, and the performance of IEEE 802.16e was assessed. The simulations indicated that 802.16e at C-band in the airport surface environment can meet expected performance requirements for both stationary and mobile applications.
The Phase III effort included three in-depth studies to support the FCS technology evaluation process and to gain a better understanding of the applicability of the most promising technologies to the future aeronautical communication environment. The in-depth studies are the L-band interference testing, the WCDMA functional assessment and the P34/TIA-902 intellectual property assessment.
L-Band DME Interference Testing The L-band interference testing extended the interference analysis performed in Phase II. Interference measurements for three candidate technologies against the DME, a navigation system currently operating in the aeronautical Lband spectrum were conducted. There are several possible interference scenarios, including co-site (onboard the aircraft), air-to-air, air-to-ground/ground-to-air, and groundto-ground.
For the interference measurements of this study, the co site interference scenario was emulated.
The co-site interference scenario serves as a guide for specifying the bounds of interference power used when taking measurements. The signal levels used for interference measurements should encompass the power ranges that will be seen in practice and these levels are greatest in the co-site scenario. By contrast, ground stations are generally separated by large distances to mitigate the effects of interference, whereas antennae onboard the aircraft are necessarily much more closely spaced. Figure 3 illustrates the co-site scenario. The three candidate technologies selected for this interference study are WCDMA, LDL, and P34/TIA-902. These three technologies use fundamentally different waveform structures: ultra-wideband, narrowband, and orthogonal frequency division multiplexing (OFDM), respectively.
The DME system is the interference victim in these evaluations. DME is a navigational aid that provides slant range distance to aircraft, consisting of airborne equipment and ground-based equipment, which are called interrogators and transponders, respectively. The interrogator transmits paired pulses to the transponder which replies with its own paired pulse message. The interrogator measures the time elapsed between its own transmission and reception of the transponder's response, which is then used to calculate the slant range distance.
The DME system operates in the frequency band 960-1215 MHz. The interrogation and reply frequencies are always offset by 63 MHz. The entire band allows 126 channels for interrogation and 126 channels for transponder replies. Interrogations are sent on frequencies 1025-1150 MHz. Replies from the transponders are sent on frequencies 962-1024 MHz and 1151-1213 MHz. DME channels are spaced 1 MHz apart on center, with bandwidths of 0.5
MHz.
The interference is characterized by observing the response of the DME Interrogator in the presence of the interfering signals. The interfering waveforms are injected into the system at various frequency separations and the signal levels are incrementally adjusted in order to determine the power thresholds that induce a standard response from the DME unit under test. The test setup for the interference measurements is illustrated in Figure 4 . Interrogations are sent from the DME interrogator to the DME test set. The DME test set replies to interrogations with a DME reply signal. The DME reply signal is coupled with the interference signal and the DUT is observed. The interference signal undergoes bandpass filtering before it is coupled with the DME reply signal to reduce transmitter broadband noise that produced by the vector signal generator.
For DME, the standard response is described by two metrics: Acquire Stable Operating Point (ASOP) and Break Stable Operating Point (BSOP). ASOP is defined as the maximum interfering signal level where the DME Interrogator consistently locks on and provides bearing, identification, and range information. BSOP is defined as the minimum interfering signal level that causes the DME Interrogator to lose lock by failing to provide bearing, identification, or range information.
Summary ofL-Band DME Interference Testing Results The DME interference testing provided an improved understanding of the interference environment associated with DME. While limitations in the test equipment do not provide enough to information to address specific channelization techniques for FCS communications technology candidates, the interference measurements do suggest that the addition of an FCS communications system in the DME band may be feasible. Three major findings of the interference measurements study are as follows:
The power levels expected from continuously transmitting communications equipment on-board the aircraft may be sufficiently high as to cause desensitization in the DME interrogator. This phenomenon was evident for all of the FCS communications technology candidates even at large frequency separations for the DME that was tested. This finding is not favorable for the candidate technologies whose concept of use assumes continuous transmissions (e.g., WCDMA).
The data also indicate that the DME interrogator is more tolerant to gated transmissions (i.e. there is potential for implementation of a technology with a gated waveform; but off-set channels may still be required Further analysis is needed to characterize the relationship between duty-cycle and interference susceptibility (the duty-cycle investigation should include more variables than just overall duty-cycle; there may be some combination of specific time-scales of on/off pulses and overall duty-cycle that results a seemingly "invisible" waveform from the DME interrogator's perspective); in the context of this investigation, identification of collocation constraints can also be investigated.
WCDMA Function Assessment
The objective of the WCDMA study was to perform a functional analysis of the technology and identify how it can be used to support COCR services. Results of this analysis were used to determine the necessary elements of the architecture and protocol stack required to provision COCR services, which further supports the assessment of cost, certification and standardization impact for applying WCDMA in aeronautical applications. The study showed that only one patent is assessed as desirable to implement, a methodology proposed for power amplifier linearization, the modification of which would influence definition of the MAC framing structure. Most if not all patents will expire before timeframe of FCS, and these patents are not applicable to companies outside US. The conclusion is that intellectual property associated with P34/TIA-902 standard is deemed to have little or no impact on the aviation safety communications application if it is an implementation based on this standard.
FCS TECHNOLOGY ASSESSMENT RESULTS AND RECOMMENDATIONS
The requirements, some proposed technologies in the VHF-band were identified for consideration for the future radio system. However, in the end in large part due to current VHF spectrum congestion considerations, the technology investigations focused in the L-band. In the longer term, the applicability of the VHF band may also be reconsidered.
The VHF band recommendation is to: * In the longer term, reconsider the potential use of the VHF-band for new technologies when sufficient spectrum becomes available to support all or part of the requirements.
L-band
For en route and terminal airspace, the L-band was identified as the best candidate band for meeting the future aeronautical communications, primarily due to potential spectrum availability and propagation characteristics. As a result of this finding, technology evaluation led to the recommendation to seek co-primary allocations for aeronautical mobile (route) service (AM(R)S) in the aeronautical L-band at the World Radiocommunications Conference (WRC-07).
The detailed technology evaluations of several candidate technologies in the L-band, have been described in the previous sections. As a result of the channel and interference investigations and the performance assessment of the technologies, it was concluded that a thorough evaluation of the compatibility in the band is required.
As a result it is recommended to:
* Refine and agree on the interference environment and assumptions for the L-band compatibility investigations.
As a result of the initial performance analysis of the shortlist of candidate technologies in the anticipated channel and interference environment, it was found that none of the considered technologies could be fully recommended. 
